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MAGNETIC FIELD BASED LOCATION
DETERMINATION

FIELD

The embodiments discussed in the present disclosure are
related to magnetic field based indoor location determina-
tion.

BACKGROUND

Many portable electronic devices (e.g., cell phones, tab-
lets, etc.) use location determination technology such as
Global Positioning System (GPS) to estimate a location of
the electronic devices. However, some technologies, such as
GPS, may not work very well indoors because of weak
signal strength. In some instances, some techniques have
been developed in which magnetic field readings performed
indoors may be used to estimate a location while the
electronic device is indoors.

The subject matter claimed in the present disclosure is not
limited to embodiments that solve any disadvantages or that
operate only in environments such as those described above.
Rather, this background is only provided to illustrate one
example technology area where some embodiments
described in the present disclosure may be practiced.

SUMMARY

According to an aspect of an embodiment, a method may
include obtaining magnetic field information that corre-
sponds to a location. The magnetic field information may be
based on an output reading of a magnetometer of an elec-
tronic device. The method may further include obtaining
orientation information that corresponds to a device orien-
tation of the electronic device at a time that the output
reading of the magnetometer is obtained. The orientation
information may be based on an output reading of one or
more inertial sensors and may indicate the device orientation
with respect to a map-coordinate system of a magnetic field
map. The method may further include adjusting the mag-
netic field information based on the orientation information
to generate normalized magnetic field information that is
normalized with respect to the map-coordinate system. The
normalized magnetic field information and the magnetic
field map may be used to determine that the electronic
device is at the location at the time that the output reading
of the magnetometer is obtained.

The object and advantages of the embodiments will be
realized and achieved at least by the elements, features, and
combinations particularly pointed out in the claims.

Both the foregoing general description and the following
detailed description are given as examples and are explana-
tory and are not restrictive of the invention, as claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

Example embodiments will be described and explained
with additional specificity and detail through the use of the
accompanying drawings in which:

FIG. 1A is a diagram representing an example system
configured to determine a location based on magnetic field
information;

FIG. 1B illustrates an example map magnetic field vector
that is based on a map-coordinate system;

FIG. 1C illustrates an example device magnetic field
vector that is based on a device-coordinate system;
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FIG. 2 illustrates a block diagram of an example com-
puting system;

FIG. 3 illustrates a block diagram of an example elec-
tronic device; and

FIG. 4 is a flowchart of an example method of determin-
ing a location based on magnetic field information.

DESCRIPTION OF EMBODIMENTS

Information related to magnetic field readings (referred to
as “magnetic field information”) may be used to determine
a location of an electronic device. For example, the Earth’s
magnetic field may vary based on location such that readings
of the Earth’s magnetic field may indicate location. In some
instances, magnetic field readings may be used to determine
a location that may be indoors. For example, the electronic
device may be configured to read a magnetic field while in
a building to obtain magnetic field information (“device
magnetic field information™). The device magnetic field
information may be compared with a magnetic field map
that may include magnetic field information (“map magnetic
field information™) previously read at various locations
within the building. The comparison between the magnetic
field map and the device magnetic field information may be
such that a location of the electronic device may be deter-
mined based on the device magnetic field information.

For example, the device magnetic field information may
be matched with particular map magnetic field information.
The particular map magnetic field information may be
obtained at a particular location such that it may correspond
to the particular location. As such, it may be determined that
the electronic device is at the particular location at the time
of obtaining the device magnetic field information based on
the device magnetic field information substantially matching
the particular map magnetic field information and based on
the particular map magnetic field information corresponding
to the particular location. In some instances, the device and
map magnetic field information may be based on the Earth’s
magnetic field.

In some instances magnetic field information that may be
obtained by electronic devices may also be based on an
orientation of the electronic devices while the corresponding
magnetic field readings are being made. For example, first
magnetic field information may be obtained from first mag-
netic field readings performed by an electronic device in a
first orientation at a particular location. Additionally, second
magnetic field information may be obtained from second
magnetic field readings performed by the electronic device
in a second orientation at the particular location. The first
magnetic field information and the second magnetic field
information may differ because of differences in the first
orientation and the second event though they may both
correspond to substantially the same particular location.
Therefore, in some instances, particular map magnetic field
information that may correspond to a particular location may
not necessarily match with particular device magnetic field
information obtained at the particular location due to dif-
ferences in device orientations when the magnetic field
readings that correspond to particular map magnetic field
information and the particular device magnetic field infor-
mation.

Some embodiments described in the present disclosure
relate to methods and systems of normalizing device mag-
netic field information. As detailed below, the normalized
device magnetic field information may be generated to
compensate for differences in magnetic field readings that
may be caused by different orientations at with respect to



US 9,958,274 B2

3

map magnetic field information and device magnetic field
information. In some embodiments, the normalized mag-
netic field information may be compared with the magnetic
field map to determine a location of the electronic device
while the electronic device is inside of the building. As such,
according to some embodiments of the present disclosure,
errors in location determinations that may be caused by
different orientations may be reduced or eliminated.

Embodiments of the present disclosure are explained with
reference to the accompanying drawings.

FIG. 1A is a diagram representing an example system 100
configured to determine a location based on magnetic field
information, according to one or more embodiments of the
present disclosure. The system 100 may include a location
determination module 106 configured to determine location
information 110 based on device magnetic field information
104, orientation information 102, and a magnetic field map
108.

The magnetic field map 108 may include map magnetic
field information that may be generated from multiple
magnetic field readings that may be made at multiple
locations. The magnetic field readings that may be obtained
to generate the map magnetic field information may be
referred to as “map magnetic field readings.” In some
embodiments, the locations may be within one or more
buildings such that the map magnetic field may correspond
to locations that may be indoors.

The map magnetic field readings may be obtained via any
suitable system, apparatus, or device. For example, the map
magnetic field readings may be obtained via one or more
first magnetometers that may be included in a first electronic
device. In some embodiments, the map magnetic field
readings may be obtained with the first electronic device at
a first orientation while each of the map magnetic field
readings are obtained.

The map magnetic field information may indicate a direc-
tion of the magnetic field that may be indicated by the map
magnetic field readings. For example, in some embodi-
ments, the map magnetic field information at each location
may include a map magnetic field vector. In some embodi-
ments, the map magnetic field vectors may be based on a
map-coordinate system. In particular, in some embodiments,
the map magnetic field vectors may be expressed as having
a magnitude and a direction in which directional compo-
nents of the magnitude are expressed with respect to the
map-coordinate system. Additionally, the map-coordinate
system may be based on the first orientation of the first
electronic device while obtaining the map magnetic field
readings.

By way of example, FIG. 1B illustrates an example map
magnetic field vector 130 that is based on a map-coordinate
system 120, according to one or more embodiments of the
present disclosure. The map-coordinate system 120 may
include a Cartesian-type coordinate system with an x-axis
124, a y-axis 126, and a z-axis 128.

In some embodiments, the x-axis 124, the y-axis 126, and
the z-axis 128 may be aligned with respect to an electronic
device 122 that may be used to generate the magnetic field
map 108 of which the map magnetic field vector 130 may be
included. As such, in some embodiments an orientation of
the map-coordinate system 120 (e.g., the orientations of the
x-axis 124, the y-axis 126, and the z-axis 128) may be based
on an orientation of the electronic device 122 at the time of
generating the magnetic field map 108.

The map magnetic field vector 130 may indicate a mag-
nitude and a direction of the magnetic field obtained from
map magnetic field readings used to obtain the map mag-
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netic field vector 130. In some embodiments, the map
magnetic field vector 130 may indicate the magnitude and
direction of the measured magnetic field with respect to the
map-coordinate system 120. For example, the map magnetic
field vector 130 may include an x-component that may
indicate how much of the magnitude of the map magnetic
field vector 130 is in an x-direction that runs along the x-axis
124. Additionally, the map magnetic field vector 130 may
include a y-component that may indicate how much of the
magnitude of the map magnetic field vector 130 is in a
y-direction that runs with the y-axis 126. Further, the map
magnetic field vector 130 may include a z-component that
may indicate how much of the magnitude of the map
magnetic field vector 130 is in a z-direction that runs with
the z-axis 128.

In some embodiments, the map magnetic field vector 130
may be described by the following expression “My(Xq, Yo,
7,).” In the foregoing expression, “M,” may indicate the
overall magnitude of the map magnetic field vector 130;
“X,” may indicate the x-component of the map magnetic
field vector 130 with respect to the x-axis 124; “y,” may
indicate the y-component of the map magnetic field vector
130 with respect to the y-axis 126; and “z,” may indicate the
z-component of the map magnetic field vector 130 with
respect to the z-axis 128. Other map magnetic field vectors
may be represented using similar expressions.

Returning to FIG. 1A, the device magnetic field informa-
tion 104 may be based on device magnetic field readings that
may be obtained via any suitable system, apparatus, or
device. For example, the device magnetic field readings that
may correspond to the device magnetic field information
104 may be obtained via the first magnetometers that may be
included in the first electronic device or may be obtained via
one or more second magnetometers that may be included in
a second electronic device. In order to simplify the below
explanation, the magnetic field map 108 is described as
being based on map magnetic field readings obtained from
first magnetometers of the first electronic device and the
device magnetic field information 104 is described as being
based on device magnetic field readings obtained from
second magnetometers of the second electronic device.
However, in some embodiments, both the magnetic field
map 108 and the device magnetic field information 104 may
be based on magnetic field readings obtained from magne-
tometers of the same electronic device.

In some embodiments, the device magnetic field infor-
mation 104 may be obtained at a location that may be
included in the magnetic field map 108. In these or other
embodiments, the device magnetic field information 104
may be obtained at a time after the generation of the
magnetic field map 108.

In some embodiments, the device magnetic field infor-
mation 104 may include one or more device magnetic field
vectors that may be similar to the map magnetic field vectors
described above. For example, each device magnetic field
vector may indicate a magnitude and a direction of a
measured magnetic field. In some embodiments, each of the
device magnetic field vectors may be based on a device-
coordinate system. In particular, in some embodiments, the
device magnetic field vectors may be expressed as having a
magnitude and a direction in which directional components
of the magnitude are expressed with respect to the corre-
sponding device-coordinate system.

In some embodiments, the device-coordinate systems
may be based on an orientation of the electronic device at the
time that the device magnetic field readings that correspond
to the device magnetic field information 104 are obtained. In
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some instances, the orientation during different device mag-
netic field readings may differ such that the device-coordi-
nate systems for different magnetic field information 104
may differ. Further, in some instances, the device-coordinate
system may differ from the map-coordinate system due to
differences in device orientations with respect to when the
map magnetic field readings are made as compared to when
the device magnetic field readings are made. As such, in
some instances the device magnetic field information 104
that corresponds to a particular location may differ from map
magnetic field information that corresponds to substantially
the same particular location.

By way of example, FIG. 1C illustrates an example device
magnetic field vector 140 that is based on a device-coordi-
nate system 150, according to one or more embodiments of
the present disclosure. The device-coordinate system 150
may include a Cartesian-type coordinate system with an
x-axis 154, a y-axis 156, and a z-axis 158.

In some embodiments, the x-axis 154, the y-axis 156, and
the z-axis 158 may be aligned with respect to an electronic
device 132. As such, in some embodiments an orientation of
the device-coordinate system (e.g., the orientations of the
x-axis 154, the y-axis 156, and the z-axis 158) may be based
on an orientation of the electronic device 132.

The device magnetic field vector 140 may indicate a
magnitude and a direction of the measured magnetic field
that corresponds to device magnetic field readings used to
obtain the device magnetic field vector 140. In some
embodiments, the device magnetic field vector 140 may
indicate the magnitude and direction of the measured mag-
netic field with respect to the device-coordinate system 150.
For example, the device magnetic field vector 140 may
include an x-component that may indicate how much of the
magnitude of the device magnetic field vector 140 is in an
x-direction that runs along the x-axis 154. Additionally, the
device magnetic field vector 140 may include a y-compo-
nent that may indicate how much of the magnitude of the
device magnetic field vector 140 is in a y-direction that runs
with the y-axis 156. Further, the device magnetic field vector
140 may include a z-component that may indicate how much
of the magnitude of the device magnetic field vector 140 is
in a z-direction that runs with the z-axis 158.

In some embodiments, the device magnetic field vector
140 may be described by the following expression “M, (x,,
vy, Z;).” In the foregoing expression, “M;” may indicate the
overall magnitude of the device magnetic field vector 140;
“x,” may indicate the x-component of the device magnetic
field vector 140 with respect to the x-axis 154; “y,” may
indicate the y-component of the device magnetic field vector
140 with respect to the y-axis 156; and “z,” may indicate the
z-component of the device magnetic field vector 140 with
respect to the z-axis 158. Other device magnetic field vectors
may be represented using similar expressions.

In the depicted examples of FIGS. 1B and 1C, The device
magnetic field vector 140 may be based on device magnetic
field readings that may be obtained at substantially the same
location that the map magnetic field readings that corre-
spond to the map magnetic field vector 130 of FIG. 1B.
Additionally, in the depicted examples of FIGS. 1B and 1C,
the orientation of the device 122 at the time that the
magnetic field is measured to obtain the map magnetic field
vector 130 and the orientation of the electronic device 132
at the time that the magnetic field is measured to obtain the
device magnetic field vector 140 may be such that the
map-coordinate system 120 and the device-coordinate sys-
tem 150 may not be aligned.
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For example, FIG. 1C depicts the x-axis 124, the y-axis
126, and the z-axis 128 and their orientations with respect to
the map-coordinate system 120. FIG. 1C also depicts the
x-axis 154, the y-axis 156, and the z-axis 158 and their
orientations with respect to the device-coordinate system
150. The x-axis 154 may be offset from the x-axis 124 in an
xy-plane by a first offset angle “0” in the illustrated example
of FIG. 1C. The y-axis 156 may be offset from the y-axis 126
in a yz-plane by a second offset angle “w” in the illustrated
example of FIG. 1C. In addition, The z-axis 128 may be
offset from the z-axis 158 in an xz-plane by a third offset
angle “@” in the illustrated example of FIG. 1C.

Because the device-coordinate system is based on the
orientation of the electronic device 132, the offset angles
may also indicate or be used as orientation angles of the
electronic device 132 with respect to the map-coordinate
system. Additionally or alternatively, the offset angles may
be used to represent the orientation of the electronic device
132 with respect to the map-coordinate system 120 using the
following expression in some embodiments: “r(8, w, ¢).”

The first offset angle may cause the respective x and y
components of the map magnetic field vector 130 and the
device magnetic field vector 140 to be different even if the
map magnetic field vector 130 and the device magnetic field
vector 140 correspond to substantially the same location.
Additionally or alternatively, the second offset angle may
cause the respective z and y components of the map mag-
netic field vector 130 and the device magnetic field vector
140 to be different even if the map magnetic field vector 130
and the device magnetic field vector 140 correspond to
substantially the same location. Additionally or alterna-
tively, the third offset angle may cause the respective x and
z components of the map magnetic field vector 130 and the
device magnetic field vector 140 to be different even if the
map magnetic field vector 130 and the device magnetic field
vector 140 correspond to substantially the same location.

Returning to FIG. 1A, in some embodiments, the orien-
tation information 102 may indicate an orientation of the
second electronic device with respect to the map-coordinate
system. The orientation may correspond to the orientation of
the second electronic device while device magnetic field
readings were being made by the second electronic device.
In some embodiments, the orientation information 102 may
indicate offset angles, such as those described above with
respect to FIG. 1C, between a device-coordinate system that
corresponds to the device magnetic field information 104
and the map-coordinate system of the magnetic field map
108. The offset angles may indicate the orientation of the
second electronic device with respect to the map-coordinate
system as indicated above.

In some embodiments, the orientation information 102
may include first inertial information of the first electronic
device while the first electronic device was measuring
magnetic fields with respect to generation of the magnetic
field map 108 (e.g., performing map magnetic field read-
ings). In these or other embodiments, the orientation infor-
mation 102 may include second inertial information of the
second electronic device while the second electronic device
was measuring magnetic fields that correspond to the device
magnetic field information 104 (e.g., performing device
magnetic field readings). The first and second inertial infor-
mation may be referred to generally as “inertial information”
in the present disclosure.

The inertial information may indicate acceleration, angu-
lar speed, or trajectory of movement in three dimensions of
the corresponding electronic device. Such information may
be used to determine an orientation in space of the corre-
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sponding device according to any suitable technique. As
indicated above, the orientations of the coordinate systems
used to express magnetic field information may be based on
the orientations of the respective electronic devices such that
the inertial information may be used to determine the
orientations of the map-coordinate system and the device-
coordinate system with respect to each other.

In some embodiments, the first inertial information may
be correlated with map magnetic field information that may
be included in the magnetic field map 108. The correlation
may allow for determining the first orientation of the first
device while the first electronic device was measuring
magnetic fields with respect to generation of the magnetic
field map 108. In these or other embodiments, the orienta-
tion of the map-coordinate system may be determined based
on the determined first orientation. In some embodiments,
the first inertial information may be obtained with respect to
individual map magnetic field readings that correspond to
map magnetic field vectors such that first inertial informa-
tion may be correlated with individual map magnetic field
vectors. In these or other embodiments, the orientation of the
map-coordinate system may be determined with respect to
the individual map magnetic field vectors. In some embodi-
ments, the orientation information 102 may include the
orientation of the map-coordinate system of the magnetic
field map 108.

Additionally or alternatively, in some embodiments, the
second inertial information may be correlated with the
device magnetic field information 104. The correlation may
allow for determining the second orientation of the second
electronic device while the second electronic device was
measuring magnetic fields that correspond to the device
magnetic field information. In these or other embodiments,
the orientation of the device-coordinate system may be
determined based on the determined second orientation. In
some embodiments, the second inertial information may be
obtained with respect to individual device magnetic field
readings that correspond to device magnetic field vectors
such that second inertial information may be correlated with
individual device magnetic field vectors. In these or other
embodiments, the orientation of the device-coordinate sys-
tem may be determined with respect to the individual device
magnetic field vectors such that it may vary with respect to
the different device magnetic field vectors. In some embodi-
ments, the orientation information 102 may include the
orientations of the device-coordinate systems of which the
device magnetic field information 104 may be based.

In some embodiments, offset angles between axes of the
map-coordinate system and axes of the device-coordinate
systems may be determined with respect to the device
magnetic field information 104 based on the orientation
information 102 using any suitable technique. For example,
the offset angles “0,” “w,” and “¢” of FIG. 1C may be
determined based on first inertial information of the elec-
tronic device 122 and second inertial information of the
electronic device 132 to determine respective orientations of
the map-coordinate system 120 and of the device-coordinate
system 150. The orientations may then be used to determine
the offset angles “0,” “w,” and “@.”

The location determination module 106 (“location mod-
ule 106”) may include code and routines configured to
enable a computing device to determine location informa-
tion 110. Additionally or alternatively, the location module
106 may be implemented using hardware including a pro-
cessor, a microprocessor (e.g., to perform or control perfor-
mance of one or more operations), a field-programmable
gate array (FPGA), or an application-specific integrated
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circuit (ASIC). In some other instances, the location module
106 may be implemented using a combination of hardware
and software. In the present disclosure, operations described
as being performed by the location module 106 may include
operations that the location module 106 may direct a cor-
responding system to perform.

The location module 106 may be configured to determine
the location information 110 based on the device magnetic
field information 104, the orientation information 102 and
the magnetic field map 108. In some embodiments, the
location module 106 may be configured to determine the
location information by performing one or more operations
described with respect to a method 400 of FIG. 4 detailed
below. The location information 110 may indicate the loca-
tion that may correspond to the device magnetic field
information 104. As such, the location module 106 may be
configured to determine a location of the first electronic
device based on the device magnetic field information 104.
Further, the normalization of the device magnetic field
information 104 may make for more accurate location
information 110 as compared to not normalizing the device
magnetic field information 104.

Modifications, additions, or omissions may be made to
FIGS. 1A-1C without departing from the scope of the
present disclosure. For example, in some embodiments the
orientation information 102 may include inertial information
and the location module 106 may be configured to determine
other orientation information that may be used for the
normalization. Further, the location module 106 may be
included in multiple electronic devices or systems such that
different operations that may be described as being per-
formed by location module 106 may be performed by
different electronic devices or systems.

For example, the location module 106 may be included in
an electronic device and may direct the electronic device to
make magnetic field and inertial measurements. Addition-
ally or alternatively, the location module 106 of the elec-
tronic device may be configured to generate device magnetic
field information 104 and orientation information 102 based
on the magnetic field and inertial measurements. In these or
other embodiments, the location module 106 of the elec-
tronic device may be used to determine a location of the
electronic device based on the device magnetic field infor-
mation 104, the orientation information 102, and the mag-
netic field map 108. In these or other embodiments, the
location module 106 may be included in a server and may be
configured to obtain the device magnetic field information
104, the orientation information 102, and the magnetic field
map 108 and to determine the location of the electronic
device based on the device magnetic field information 104,
the orientation information 102, and the magnetic field map
108.

Further, the designations and separation of the device
magnetic field information 104, the orientation information
102, and the magnetic field map 108 are given for explana-
tory purposes. Certain embodiments may group or organize
the associated information in a different manner than
described, but the different types of information described
with respect to the device magnetic field information 104,
the orientation information 102, and the magnetic field map
108 may be substantially the same.

FIG. 2 illustrates a block diagram of an example com-
puting system 202, according to at least one embodiment of
the present disclosure. The computing system 202 may be
configured to implement one or more operations associated
with a location determination module, such as the location
module 106 of FIG. 1A, in some embodiments. The com-
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puting system 202 may be included in any suitable system,
apparatus, or device configured to perform operations asso-
ciated with determining location of an electronic device. The
computing system 202 may include a processor 250, a
memory 252, and a data storage 254. The processor 250, the
memory 252, and the data storage 254 may be communi-
catively coupled.

In general, the processor 250 may include any suitable
special-purpose or general-purpose computer, computing
entity, or processing device including various computer
hardware or software modules and may be configured to
execute instructions stored on any applicable computer-
readable storage media. For example, the processor 250 may
include a microprocessor, a microcontroller, a digital signal
processor (DSP), an application-specific integrated circuit
(ASIC), a Field-Programmable Gate Array (FPGA), or any
other digital or analog circuitry configured to interpret
and/or to execute program instructions and/or to process
data. Although illustrated as a single processor in FIG. 2, the
processor 250 may include any number of processors con-
figured to perform, individually or collectively, any number
of operations described in the present disclosure. Addition-
ally, one or more of the processors may be present on one or
more different electronic devices, such as different servers.

In some embodiments, the processor 250 may interpret
and/or execute program instructions and/or process data
stored in the memory 252, the data storage 254, or the
memory 252 and the data storage 254. In some embodi-
ments, the processor 250 may fetch program instructions
from the data storage 254 and load the program instructions
in the memory 252. After the program instructions are
loaded into memory 252, the processor 250 may execute the
program instructions.

For example, in some embodiments, the location deter-
mination module may be included in the data storage 254 as
program instructions. The processor 250 may fetch the
program instructions of the location determination module
from the data storage 254 and may load the program
instructions of the location determination module in the
memory 252. After the program instructions of the location
determination module are loaded into memory 252, the
processor 250 may execute the program instructions such
that the computing system may implement the operations
associated with the location determination module as
directed by the instructions.

The memory 252 and the data storage 254 may include
computer-readable storage media for carrying or having
computer-executable instructions or data structures stored
thereon. Such computer-readable storage media may include
any available media that may be accessed by a general-
purpose or special-purpose computer, such as the processor
250. By way of example, and not limitation, such computer-
readable storage media may include tangible or non-transi-
tory computer-readable storage media including RAM,
ROM, EEPROM, CD-ROM or other optical disk storage,
magnetic disk storage or other magnetic storage devices,
flash memory devices (e.g., solid state memory devices), or
any other storage medium which may be used to carry or
store program code in the form of computer-executable
instructions or data structures and which may be accessed by
a general-purpose or special-purpose computer. Combina-
tions of the above may also be included within the scope of
computer-readable storage media. Computer-executable
instructions may include, for example, instructions and data
configured to cause the processor 250 to perform a certain
operation or group of operations.
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Modifications, additions, or omissions may be made to the
computing system 202 without departing from the scope of
the present disclosure. For example, in some embodiments,
the computing system 202 may include any number of other
components that may not be explicitly illustrated or
described.

FIG. 3 illustrates a block diagram of an example elec-
tronic device 300, according to at least one embodiment of
the present disclosure. The electronic device 300 may be
configured to obtain magnetic field information and orien-
tation information. In some embodiments, the electronic
device 300 may be an example of electronic devices
described above with respect to FIGS. 1A-1C. The elec-
tronic device 300 may include any applicable electronic
device that may be configured to determine a location based
on magnetic field information. For example, the electronic
device 300 may include a cellular phone, a smartphone, a
personal data assistant (PDA), a laptop computer, a personal
computer, a tablet computer, or any other similar device. The
electronic device 300 may include a computing system 302,
one or more magnetometers 304, and one or more inertial
sensors 306.

The magnetometers 304 may include any suitable system,
apparatus or device configured to measure a magnetic field.
In some embodiments, the magnetometers 304 may be
configured to measure a magnitude and a direction of the
magnetic field.

The inertial sensors 306 may include sensors that may be
configured to measure inertial factors that may be used to
generate inertial information. For example, the inertial sen-
sors 306 may be configured to measure acceleration in three
dimensions, angular speed in three dimensions, and/or tra-
jectory of movement in three dimensions. In some embodi-
ments, the inertial sensors 306 may include one or more
accelerometers or one or more gyroscopes. Additionally or
alternatively, the inertial sensors 306 may also include one
or more of the magnetometers 304.

The computing system 302 may be analogous to the
computing system 202 described above with respect to FIG.
2. The computing system 302 may be configured to obtain
information from the magnetometers 304 and the inertial
sensors 306.

In some embodiments, the computing system 302 may be
configured to obtain magnetic field readings that may be
measured by the magnetometers 304. In these or other
embodiments, the computing system 302 may be configured
to generate magnetic field information (e.g., map magnetic
field information or device magnetic field information)
based on the magnetic field readings.

Additionally or alternatively, the computing system 302
may be configured to obtain inertial factors that may be
measured by the inertial sensors 306. In these or other
embodiments, the computing system 302 may be configured
to generate inertial information based on the measured
inertial factors.

Modifications, additions, or omissions may be made to the
electronic device 300 without departing from the scope of
the present disclosure. For example, in some embodiments,
the electronic device 300 may include any number of other
components that may not be explicitly illustrated or
described.

FIG. 4 is a flowchart of an example method 400 of
determining a location based on magnetic field information,
according to at least one embodiment described in the
present disclosure. The method 400 may be performed by
any suitable system, apparatus, or device. For example, the
location module 106 of FIG. 1A or the computing system
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202 (as directed by a location module) may perform one or
more of the operations associated with the method 400.
Although illustrated with discrete blocks, the steps and
operations associated with one or more of the blocks of the
method 400 may be divided into additional blocks, com-
bined into fewer blocks, or eliminated, depending on the
particular implementation.

The method 400 may begin at block 402, where magnetic
field information may be obtained. In some embodiments,
the magnetic field information may be based on output
readings of one or more magnetometers of an electronic
device. In some embodiments, the magnetic field informa-
tion may correspond to a location within a building. For
example, the magnetic field information may be obtained
based on magnetic field readings that may be made by one
or more magnetometers of the electronic device at the
location.

In some embodiments, obtaining the magnetic field infor-
mation may include determining the magnetic field infor-
mation based on the magnetic field readings. Additionally or
alternatively, obtaining the magnetic field information may
include receiving magnetic field information that has already
been determined based on the magnetic field readings. In
some embodiments, the magnetic field information obtained
at block 402 may be analogous to the device magnetic field
information 104 described above with respect to FIG. 1A.

At block 404 orientation information may be obtained. In
some embodiments, the orientation information may be
based on output readings of one or more inertial sensors of
one or more electronic devices. Further, in some embodi-
ments, the orientation information may include device ori-
entation information that corresponds to an orientation of the
electronic device at a time that magnetic field readings used
to determine the magnetic field information obtained at
block 402 are made. In addition, in some embodiments, the
orientation information may indicate the orientation of the
electronic device with respect to the map-coordinate system.

In some embodiments, obtaining the orientation informa-
tion may include determining the orientation information
based on the output of the inertial sensors. Additionally or
alternatively, obtaining the orientation information may
include receiving orientation information that has already
been determined based on the output of the inertial sensors.
In some embodiments, the orientation information obtained
at block 404 may be analogous to the orientation informa-
tion 102 of FIG. 1A.

At block 406, the magnetic field information obtained at
block 402 may be adjusted based on the orientation infor-
mation obtained at block 404. In some embodiments, the
adjustment of the magnetic field information may be such
that the magnetic field information is normalized with
respect to the map-coordinate system.

For example, in some embodiments, the orientation infor-
mation may indicate one or more orientation angles of the
electronic device with respect to one or more axes of the
map-coordinate system. The magnetic field information may
then be adjusted based on the orientation angles. In some
embodiments, adjustment of the magnetic field information
may include rotating the magnetic field information against
the orientation angles

In particular, in some embodiments, offset angles, e.g., the
offset angles “0,” “w,” and “¢@” of FIG. 1C, may be obtained
from the orientation information obtained at block 404. The
offset angles may be used as the orientation angles. Addi-
tionally, the magnetic field information obtained at block
402 may include a device magnetic field vector that may be
based on the corresponding device-coordinate system. In
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these or other embodiments, matrix rotation may be applied
to the device magnetic field field vector based on the offset
angles such that the device magnetic field vector is rotated
against the offset angles. The rotation may generate a
normalized device magnetic field vector that is normalized
with respect to the map-coordinate system.

For example, as described above, the device magnetic
field vector 140 of FIG. 1C may be described by the
following expression: “M,(x;, v;, Z;).” In addition, as
indicated above, the map magnetic field vector 130 of FIG.
1B may be described by the following expression: “M,(X,,
Vo, Zp).” Matrix rotation may be applied to the device
magnetic field vector 140 based on the offset angles “0,”
“w,” and “@” of FIG. 1C to generate a normalized device
magnetic field vector that may be normalized with respect to
the map-coordinate system 120. The normalized device
magnetic field vector that corresponds to the device mag-
netic field vector 140 may be substantially equal to the map
magnetic field vector 130.

The normalized device magnetic field vector that corre-
sponds to the device magnetic field vector 140 (“correspond-
ing normalized magnetic field vector”) may be described by
the following expression: “M,(X,, ¥, Z,).” In the foregoing
expression, “M,” may indicate the overall magnitude of the
corresponding normalized device magnetic field vector;
“x,” may indicate the x-component of the corresponding
normalized device magnetic field vector with respect to the
x-axis 124; “y,” may indicate the y-component of the
corresponding normalized device magnetic field vector with
respect to the y-axis 126; and “z,” may indicate the z-com-
ponent of the corresponding device magnetic field vector
with respect to the z-axis 128. Additionally, the correspond-
ing normalized magnetic field vector may be described by
the following expression: “M,(Xs, Vs, Z:)=My(Xos Vos Zo).”

In some embodiments, the matrix rotation to generate the
normalized magnetic field vector may be performed for
rotation in the xy-plane based on the first offset angle “6”
based on the following expression:

Mo M (0050 —sinO] My
My ) \Mp) \sing coso |\ My

Additionally or alternatively, the matrix rotation to gen-
erate the normalized magnetic field vector may be per-
formed for rotation in the yz-plane based on the second
offset angle “w” based on the following expression:

My My (cosw —Sinw] My
My - Mp ) \sinw cosw N My

In these or other embodiments, the matrix rotation to
generate the normalized magnetic field vector may be per-
formed for rotation in the xz-plane based on the third offset
angle “@” based on the following expression:

(Mzo] (MZ] (cosgo —singo](le]
Mo - My B sing cose A\ My

At block 408, location information of the electronic
device may be determined based on the normalized mag-
netic field information and a magnetic field map. The
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location information may correspond to the location of the
electronic device at the time that magnetic field readings
used to determine the magnetic field information obtained at
block 402 are made. In some embodiments, the location
information may be determined by comparing the normal-
ized magnetic field information with map magnetic field
information included in the magnetic field map to determine
map magnetic field information that substantially matches
the normalized magnetic field information. The matching
map magnetic field information may be correlated with a
particular location in the magnetic field map. The particular
location may then be determined as being the location of the
electronic device at the time that magnetic field readings
used to determine the magnetic field information obtained at
block 402 are made based on the normalized magnetic field
information substantially matching the map magnetic field
information that corresponds to the particular location. In
some embodiments, the magnetic field map may be gener-
ated with respect to a building such that the location of the
electronic device within the building may be determined.

Accordingly, the method 400 may be used to determine a
location of an electronic device. Modifications, additions, or
omissions may be made to the method 400 without departing
from the scope of the present disclosure. For example, the
operations of method 400 may be implemented in differing
order. Additionally or alternatively, two or more operations
may be concurrently performed. Furthermore, the outlined
operations and actions are only provided as examples, and
some of the operations and actions may be optional, com-
bined into fewer operations and actions, or expanded into
additional operations and actions without detracting from
the essence of the disclosed embodiments.

For example, in some embodiments, adjustment of the
magnetic field information may be based on a degree of
offset of the device orientation. In particular, in some
embodiments, adjustment of the magnetic field information
may be performed in response to determining that one or
more device orientation angles (e.g., one or more offset
angles) satisty a threshold.

As indicated above, the embodiments described in the
present disclosure may include the use of a special purpose
or general purpose computer (e.g., the processor 250 of FIG.
2) including various computer hardware or software mod-
ules, as discussed in greater detail below. Further, as indi-
cated above, embodiments described in the present disclo-
sure may be implemented using computer-readable media
(e.g., the memory 252 of FIG. 2) for carrying or having
computer-executable instructions or data structures stored
thereon.

As used in the present disclosure, the terms “module” or
“component” may refer to specific hardware implementa-
tions configured to perform the actions of the module or
component and/or software objects or software routines that
may be stored on and/or executed by general purpose
hardware (e.g., computer-readable media, processing
devices, etc.) of the computing system. In some embodi-
ments, the different components, modules, engines, and
services described in the present disclosure may be imple-
mented as objects or processes that execute on the comput-
ing system (e.g., as separate threads). While some of the
system and methods described in the present disclosure are
generally described as being implemented in software
(stored on and/or executed by general purpose hardware),
specific hardware implementations or a combination of
software and specific hardware implementations are also
possible and contemplated. In this description, a “computing
entity” may be any computing system as previously defined
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in the present disclosure, or any module or combination of
modulates running on a computing system.

Terms used in the present disclosure and especially in the
appended claims (e.g., bodies of the appended claims) are
generally intended as “open” terms (e.g., the term “includ-
ing” should be interpreted as “including, but not limited to,”
the term “having” should be interpreted as “having at least,”
the term “includes™ should be interpreted as “includes, but
is not limited to,” etc.).

Additionally, if a specific number of an introduced claim
recitation is intended, such an intent will be explicitly recited
in the claim, and in the absence of such recitation no such
intent is present. For example, as an aid to understanding,
the following appended claims may contain usage of the
introductory phrases “at least one” and “one or more” to
introduce claim recitations. However, the use of such
phrases should not be construed to imply that the introduc-
tion of a claim recitation by the indefinite articles “a” or “an”
limits any particular claim containing such introduced claim
recitation to embodiments containing only one such recita-
tion, even when the same claim includes the introductory
phrases “one or more” or “at least one” and indefinite
articles such as “a” or “an” (e.g., “a” and/or “an” should be
interpreted to mean “at least one” or “one or more”); the
same holds true for the use of definite articles used to
introduce claim recitations.

In addition, even if a specific number of an introduced
claim recitation is explicitly recited, those skilled in the art
will recognize that such recitation should be interpreted to
mean at least the recited number (e.g., the bare recitation of
“two recitations,” without other modifiers, means at least
two recitations, or two or more recitations). Furthermore, in
those instances where a convention analogous to “at least
one of A, B, and C, etc.” or “one or more of A, B, and C,
etc.” is used, in general such a construction is intended to
include A alone, B alone, C alone, A and B together, A and
C together, B and C together, or A, B, and C together, etc.

Further, any disjunctive word or phrase presenting two or
more alternative terms, whether in the description, claims, or
drawings, should be understood to contemplate the possi-
bilities of including one of the terms, either of the terms, or
both terms. For example, the phrase “A or B” should be
understood to include the possibilities of “A” or “B” or “A
and B.”

All examples and conditional language recited in the
present disclosure are intended for pedagogical objects to
aid the reader in understanding the invention and the con-
cepts contributed by the inventor to furthering the art, and
are to be construed as being without limitation to such
specifically recited examples and conditions. Although
embodiments of the present disclosure have been described
in detail, various changes, substitutions, and alterations
could be made hereto without departing from the spirit and
scope of the present disclosure.

What is claimed is:

1. A method comprising:

obtaining, by a computing system, magnetic field infor-
mation that corresponds to a location, the magnetic
field information being based on an output reading of a
magnetometer of an electronic device;

obtaining, by the computing system, orientation informa-
tion that corresponds to a device orientation of the
electronic device at a time that the output reading of the
magnetometer is obtained, the orientation information
being based on an output reading of one or more inertial
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sensors and indicating the device orientation with
respect to a map-coordinate system of a magnetic field
map; and

adjusting, by the computing system, the magnetic field

information based on the orientation information to
generate normalized magnetic field information that is
normalized with respect to the map-coordinate system,
the normalized magnetic field information and the
magnetic field map being used to determine that the
electronic device is at the location at the time that the
output reading of the magnetometer is obtained.

2. The method of claim 1, wherein:

the orientation information indicates an orientation angle

of the electronic device with respect to one or more
axes of the map-coordinate system; and

adjusting the magnetic field information includes adjust-

ing the magnetic field information based on the orien-
tation angle.

3. The method of claim 2, wherein adjusting the magnetic
field information based on the orientation angle includes
rotating the magnetic field information against the orienta-
tion angle.

4. The method of claim 1, wherein:

the magnetic field information includes a magnetic field

vector; and

adjusting the magnetic field information includes rotating

the magnetic field vector based on the orientation
information.

5. The method of claim 4, wherein:

the map-coordinate system includes an x-axis, a y-axis,

and a z-axis;

the magnetic field vector includes:

an x-component that corresponds to the x-axis;
a y-component that corresponds to the y-axis and
a z-component that corresponds to the z-axis;

the orientation information indicates:

a first offset angle in an xy-plane of the map-coordinate
system,

a second offset angle in an xz-plane of the map-
coordinate system; and

a third offset angle in a yz-plane of the map-coordinate
system; and

rotating the magnetic field vector includes:

rotating the x-component and the y-component of the
magnetic field vector in the xy-plane based on the
first offset angle;

rotating the x-component and the z-component of the
magnetic field vector in the xz-plane based on the
second offset angle; and

rotating the y-component and the z-component of the
magnetic field vector in the yz-plane based on the
third offset angle.

6. The method of claim 1, wherein:

the orientation information includes first inertial informa-

tion obtained at the location during generation of the
magnetic field map;

the orientation information includes second inertial infor-

mation obtained at the time that the output reading of
the magnetometer is obtained; and

the method further includes determining the device ori-

entation based on the first inertial information and the
second inertial information.

7. The method of claim 1, further comprising determining
the location of the electronic device based on the normalized
magnetic field information and the magnetic field map.
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8. The method of claim 1, further comprising:

determining, based on the orientation information, that an

angle of the device orientation satisfies a threshold; and
adjusting the magnetic field information in response to
determining that the angle satisfies the threshold.

9. One or more non-transitory computer-readable storage
media including instructions stored thereon that, in response
to being executed by one or more processors, cause a system
to perform operations, the operations comprising:

obtaining a magnetic field vector that corresponds to a

location within a building, the magnetic field vector
being based on an output reading of a magnetometer of
an electronic device;

obtaining orientation information that corresponds to a

device orientation of the electronic device at a time that
the output reading of the magnetometer is obtained, the
orientation information being based on an output read-
ing of one or more inertial sensors and indicating the
device orientation with respect to a map-coordinate
system of a magnetic field map; and

rotating the magnetic field vector based on the orientation

information to generate a normalized magnetic field
vector that is normalized with respect to the map-
coordinate system, the normalized magnetic field vec-
tor and the magnetic field map being used to determine
a location of the electronic device.

10. The one or more non-transitory computer-readable
storage media of claim 9, wherein:

the orientation information indicates an orientation angle

of the electronic device with respect to one or more
axes of the map-coordinate system; and

rotating the magnetic field vector includes rotating the

magnetic field vector based on the orientation angle.

11. The one or more non-transitory computer-readable
storage media of claim 10, wherein rotating the magnetic
field vector based on the orientation angle includes rotating
the magnetic field vector against the orientation angle.

12. The one or more non-transitory computer-readable
storage media of claim 9, wherein:

the map-coordinate system includes an x-axis, a y-axis,

and a z-axis;

the magnetic field vector includes:

an x-component that corresponds to the x-axis;
a y-component that corresponds to the y-axis and
a z-component that corresponds to the z-axis;

the orientation information indicates:

a first offset angle in an xy-plane of the map-coordinate
system,

a second offset angle in an xz-plane of the map-
coordinate system; and

a third offset angle in a yz-plane of the map-coordinate
system; and rotating the magnetic field vector based
on the orientation information includes:

rotating the x-component and the y-component of the
magnetic field vector in the xy-plane based on the
first offset angle;

rotating the x-component and the z-component of the
magnetic field vector in the xz-plane based on the
second offset angle; and

rotating the y-component and the z-component of the
magnetic field vector in the yz-plane based on the
third offset angle.

13. The one or more non-transitory computer-readable
storage media of claim 9, wherein:

the orientation information includes first inertial informa-

tion obtained at the location during generation of the
magnetic field map;
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the orientation information includes second inertial infor-
mation obtained at the time that the output reading of
the magnetometer is obtained; and
the operations further include determining the device
orientation based on the first inertial information and
the second inertial information.
14. The one or more non-transitory computer-readable
storage media of claim 9, wherein the operations further
comprise determining the location of the electronic device
within the building based on the normalized magnetic field
vector and the magnetic field map.
15. The one or more non-transitory computer-readable
storage media of claim 9, wherein the operations further
comprise:
determining, based on the orientation information, that an
angle of the device orientation satisfies a threshold; and
rotating the magnetic field vector in response to deter-
mining that the angle satisfies the threshold.
16. An electronic device comprising:
a magnetometer configured to generate a magnetic output
reading that indicates a magnitude and a direction of a
magnetic field;
an inertial sensor configured to generate an inertial output
reading that indicates an orientation of the electronic
device;
one or more non-transitory computer-readable storage
media including instructions stored thereon; and
one or more processors configured to receive the magnetic
output reading and the inertial output reading and
configured to, based on the instructions stored on the
one or more computer-readable storage media:
obtain, based on the magnetic output reading, magnetic
field information that corresponds to a location;

obtain, based on the inertial output reading, orientation
information that corresponds to a device orientation
of the electronic device at a time that the magnetic
output reading, the orientation information indicat-
ing the device orientation with respect to a map-
coordinate system of a magnetic field map;

adjust the magnetic field information based on the
orientation information to generate normalized mag-
netic field information that is normalized with
respect to the map-coordinate system; and

determine, based on the normalized magnetic field
information and the magnetic field map, that the
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electronic device is at the location at the time that the
magnetic output reading is obtained.

17. The electronic device of claim 16, wherein:

the orientation information indicates an orientation angle

of the electronic device with respect to one or more
axes of the map-coordinate system; and

the one or more processors are configured to adjust the

magnetic field information based on the orientation
angle.

18. The electronic device of claim 17, wherein the one or
more processors are configured to adjust the magnetic field
information based on the orientation angle by rotating the
magnetic field information against the orientation angle.

19. The electronic device of claim 16, wherein:

the magnetic field information includes a magnetic field

vector; and

the one or more processors are configured to rotate the

magnetic field vector based on the orientation informa-
tion to adjust the magnetic field information.

20. The electronic device of claim 19, wherein:

the map-coordinate system includes an x-axis, a y-axis,

and a z-axis;

the magnetic field vector includes:

an x-component that corresponds to the x-axis;

a y-component that corresponds to the y-axis and

a z-component that corresponds to the z-axis;

the one or more processors are configured to obtain as

orientation information:

a first offset angle in an xy-plane of the map-coordinate
system,

a second offset angle in an xz-plane of the map-
coordinate system; and

a third offset angle in a yz-plane of the map-coordinate
system; and the one or more processors are config-
ured to rotate the magnetic field vector by:

rotating the x-component and the y-component of the
magnetic field vector in the xy-plane based on the
first offset angle;

rotating the x-component and the z-component of the
magnetic field vector in the xz-plane based on the
second offset angle; and

rotating the y-component and the z-component of the
magnetic field vector in the yz-plane based on the
third offset angle.
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